Jawless vertebrates are pivotal representatives for studies of the evolution of adaptive immunity due to their unique position in chordate phylogeny. Lamprey and hagfish, the extant jawless vertebrates, have an alternative lymphocyte-based adaptive immune system that is based on somatically diversifying leucine-rich repeat (LRR)-based antigen receptors, termed variable lymphocyte receptors (VLRs). Lamprey T-like and B-like lymphocyte lineages have been shown to express VLRA and VLRB types of anticipatory receptors, respectively. An additional VLR type, termed VLRC, has recently been identified in arctic lamprey (Lethenteron camtschaticum), and our analysis indicates that VLRC sequences are well conserved in sea lamprey (Petromyzon marinus), L. camtschaticum, and European brook lamprey (Lampetra planeri). Genome sequences of P. marinus were analyzed to determine the organization of the VLRC-encoding locus. In addition to the incomplete germ-line VLRC gene, we have identified 182 flanking donor genomic sequences that could be used to complete the assembly of mature VLRC genes. Donor LRR cassettes were classifiable into five basic structural groups, the composition of which determines their order of use during VLRC assembly by virtue of sequence similarities to the incomplete germ-line gene and to one another. Bidirectional VLRC assembly was predicted by comparisons of mature VLRC genes with the sequences of donor LRR cassettes and verified by analysis of partially assembled intermediates. Biased and repetitive use of certain donor LRR cassettes was demonstrable in mature VLRCs. Our analysis provides insight into the unique molecular strategies used for VLRC gene assembly and repertoire diversification.
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T he ability to achieve specific immune responses to a virtually unlimited variety of antigens is unique to vertebrates. Both jawed and jawless vertebrates have humoral and cellular arms of adaptive immunity (reviewed in refs. 1 and 2). Antigen recognition is achieved in the jawed vertebrates through Ig-based Bcell receptors (BCRs) and T-cell receptors (TCRs), the latter of which typically recognize peptide fragments of antigens presented by major histocompatibility complex (MHC) class I and II proteins. BCRs and TCRs are generated by somatic rearrangement of variable (V), diversity (D), and joining (J) gene segments during the development of B and T lymphocytes, respectively (3) . In contrast, adaptive immunity in jawless vertebrates is mediated by leucine-rich repeat (LRR)-based receptors for antigens, which are known as variable lymphocyte receptors (VLRs) (2, 4, 5) .
BCR, TCR, and MHC genes have not been found in the jawless vertebrates, and VLR genes have not been found in jawed vertebrates. This suggests that the two types of anticipatory receptors evolved as convergent solutions for specific antigen recognition in the ancestors of jawless and jawed vertebrates.
Three VLR genes (VLRA, VLRB, and VLRC) have been found in lampreys, and only two VLR genes (VLRA and VLRB) have been identified so far in hagfish (4, (6) (7) (8) . Lamprey VLRA and VLRB genes are expressed in a monogenic and monoallelic fashion by discrete populations of lymphocytes (9) ; thus, each VLRA + or VLRB + lymphocyte expresses a unique VLRA or VLRB gene. VLRA is expressed on lymphocytes with T cell-like characteristics, whereas VLRB is expressed on lymphocytes that are B cell like and that can be activated by antigenic stimulation to differentiate into plasma cells secreting multivalent VLRB antibodies (9-12). Current evidence suggests that VLRA + lymphocytes are generated in a thymus-equivalent structure (termed the thymoid) located at the tips of the gill folds and neighboring secondary gill filaments, whereas VLRB + lymphocytes appear to be generated in hematopoietic tissues (13) . The germ-line VLR genes are incomplete in that they have sequences encoding the invariant N-and C-terminal VLR portions that are separated by noncoding intervening sequences, but lack coding sequences for the internal LRR sequence elements (4, 6, 10, 14) used for antigen binding (15) (16) (17) .
During lymphocyte development in jawless vertebrates, the intervening sequences of incomplete germ-line VLR genes are modified by the insertion of donor cassettes that encode additional LRR units. The stepwise incorporation of donor cassette sequences into incomplete germ-line VLRA and VLRB genes can be initiated from the 5′ or 3′ ends (10, 14) . Short stretches of nucleotide homology (∼10-30 bp long) between donor and acceptor sequences appear to be sufficient for each step in VLR gene assembly. Thus, short stretches of sequences situated at the ends of germ-line elements or previously incorporated LRRencoding donor cassettes likely determine the choice of flanking donor cassettes for successive steps (6, 10, 17) . Unlike the recombination-activating gene-mediated recombination events in the Ig/TCR locus in jawed vertebrates, the assembly of VLRA and VLRB genes in jawless vertebrates is thought to involve a gene conversion-like mechanism mediated by two cytosine deaminases, CDA1 and CDA2, which are homologs of activation-induced cytosine deaminase (AID) (6) .
Recent efforts have led to the assembly of the draft genome sequence of the sea lamprey (Petromyzon marinus; Ensembl assembly: Petromyzon_marinus_7.0), providing the opportunity to examine the structure of VLR loci in more detail. In the present study, we analyzed the genomic composition of the recently discovered VLRC locus and examined the mechanism of VLRC assembly by comparing genomic sequences with the sequences of partially and completely assembled VLRC genes.
Results
Characterization of Mature VLRC Gene Assemblies. To characterize the structure of completely assembled mature VLRC genes and VLRC-encoding genomic donor cassettes in P. marinus, we obtained 60 mature VLRC cDNA sequences (30 sequences from a single P. marinus larva and 30 sequences from different larvae; GenBank accession nos. KC244050-KC244109). A conceptual translation of mature VLRC cDNA sequences indicates that VLRC receptors have a multidomain structure and consist of a signal peptide of 19 amino acid residues, a 47-aa N-terminal LRR (LRRNT) domain, an 18-aa LRR1, between three and five LRRV modules (each module generally comprising 24 amino acids), a 13-aa connecting peptide (CP), a 50-aa (if encoded by the incomplete germ-line gene) or 52-aa (if encoded by a donor cassette) C-terminal LRR (LRRCT) element, and a 71-aa Cterminal domain (Fig. 1) . Sequence comparisons indicate that VLRC sequences are well conserved among P. marinus, arctic lamprey (Lethenteron camtschaticum), and European brook lamprey (Lampetra planeri) (Fig. S1 ), even though these species belong to different genera and live in different ecosystems.
We assigned the mature VLRCs of P. marinus to three groups (I, II, and III), distinguished by the number of constituent LRRV modules: three LRRV modules in group I sequences, four in group II sequences, and five in group III sequences. Alignments of representative protein sequences in groups I, II, and III are shown in Fig. 1 . We also analyzed 102 previously deposited mature VLRC sequences from L. camtschaticum (7) together with the 60 sequences from P. marinus. Of these 162 mature VLRC sequences, ∼72% belonged to group II, ∼11% to group I, and ∼17% to group III. Only 1 sequence of the 102 mature VLRC sequences from L. camtschaticum (GenBank accession no. AB507313) contained two LRRV modules.
Genomic Organization of VLRC Locus. The incomplete germ-line VLRC gene of ∼11 kb in P. marinus consists of two exons and one large intron (∼9.65 kb). Exon 1 includes part of the 5′-UTR, whereas exon 2 includes the remaining 5′-UTR, the N-terminal coding region (signal peptide, C-terminal region of LRRNT), a short intervening sequence, the C-terminal coding region (Nterminal region of CP, LRRCT, and C terminus), and the 3′-UTR (Fig. 2) . Using an interative similarity search strategy (Fig.  S2) , we determined the minimal number of genomic donor cassettes flanking the incomplete germ-line VLRC gene and their physical map from the draft genome sequences of P. marinus ( Fig. 2 and Tables S1 and S2). We identified the incomplete germ-line VLRC gene and 182 different donor genomic cassettes in the 24 genomic scaffolds indicated in Fig. 2 and Table S2 . Although these numbers are minimal estimates, owing to incomplete currently available lamprey genome sequences, the 5× whole-genome sequence coverage of the lamprey genome used for this analysis lends credence to our contention that the estimated number of genomic donor cassettes is close to the actual number.
The donor genomic cassettes can be classified into five groups based on the LRR modules to which they may contribute in the mature assembled VLRCs (Fig. 2 and Table S1 ): (i) 3′ LRRNT-5′ LRR1 cassettes, which encode C-terminal parts of LRRNT modules and N-terminal parts of LRR1 modules; (ii) 3′ LRR1-5′ LRRV cassettes, which encode C-terminal parts of LRR1 modules and N-terminal parts of LRRV modules; (iii) 3′ LRRV-5′ LRRV cassettes, which encode C-terminal parts of preceding LRRV modules and N-terminal parts of subsequent LRRV modules; (iv) 3′ LRRV-CP-5′ LRRCT cassettes, which encode Cterminal parts of LRRV modules, a 13-aa CP region, and Nterminal parts of LRRCT modules; (v) and LRRCT cassettes, which encode the major portion of the LRRCT module.
We found 13 3′ LRRNT-5′ LRR1, 10 3′ LRR1-5′ LRRV, 103 3′ LRRV-5′ LRRV, 54 3′ LRRV-CP-5′ LRRCT, and 2 LRRCT cassettes in the sea lamprey genome (Table S1 ). The germ-line VLRC gene is located on scaffold GL476420 (Fig. 2) , which also contains 13 different donor cassettes. Two LRRCT-encoding cassettes, LRRCT1 and LRRCT2, located downstream of the incomplete VLRC gene could encode ∼80% of the LRRCT module. Thus, in a mature VLRC, this region of the LRRCT module can be encoded either by the incomplete germ-line gene or by replacement with one of the two downstream cassettes. Whereas ∼97% nucleotide identity exists between LRRCT1 and LRRCT2 donor cassettes, these cassettes exhibit only 66% and 69% nucleotide identity, respectively, with the corresponding LRRCT-encoding region of the incomplete VLRC gene. The coding capacities of these LRRCT genomic cassettes are two amino acids greater than the corresponding region encoded by the incomplete germ-line gene. Among the 60 mature VLRC sequences, 39 used the LRRCT-encoding region of the incomplete VLRC gene, 16 used LRRCT1 donor cassettes, and 5 used LRRCT2 donor cassettes. Of note, the different types of donor cassettes are interspersed in the VLRC locus, and the physical distances between consecutive genomic donor cassettes vary, except in the regions sharing large block duplications, described in the next section. Furthermore, whereas donor cassettes encoding two or more LRR modules have been identified in the VLRA (6), and VLRB loci (4, 14) , fused forms of multiple cassettes were not found in the VLRC locus.
We found that the different members of the 182 genomic cassettes were not used equally as donor sequences for mature VLRC assembly. In fact, we did not find 94 of the genomic donor cassettes in assembly of the 60 mature VLRC sequences in the P. marinus dataset. The trend of donor genomic cassette use in this dataset instead indicates preferential use of certain donor cassettes during development of the VLRC repertoire (Table S2) . We found that donor genomic cassettes can be incorporated into mature VLRC sequences as either full-length or partial sequences, apparently based on short nucleotide sequence similarities between donor and acceptor sequences, as noted previously for VLRA and VLRB assemblies (6, 10, 14) . The regions of short sequence similarities between donor and acceptor sequences are generally well conserved (Fig. S3) , although some of the donor cassettes either feature internal stop codons or exhibit highly diverse sequences at the 5′ or 3′ ends. Nevertheless, our analysis suggests that LRR cassettes with such sequences can be partially incorporated into mature sequences, using sequence similarities in the middle or at one end of the cassettes (Fig. S3 ) to facilitate their contribution during VLRC assembly.
E L I E D V P C K H E I P T P K M T A S P P N T A T S V F T T E L N S T T Y P N A T H E H T D V C N M P F V S H I C L L F C N L F S T C S L C F I I K P L H R Y VLRC2 L R T F I A K N T D K I S G I E G A Q C N G T S -T A V K D V N T E L I E D V P C K H E I P T P K M T A S P P N T A T S V F T T E L N S T T Y P N A T H E H T D V C N M P F V S H I C L L F C N L F S T C S L C F I I K P L H R Y VLRC3 L R T F I A K N T D K I S G I E G A Q C N G T S -T A V K D V N T E L I E D V P C K H E I P T P K M T A S P P N T A T S V F T T E L N S T T Y P N A T H E H
T D V C N M P F V S H I C L L F C N L F S T C S L C F I I K P L H R Y VLRC4 F V N W L K K N P K H D S G ---A S C E K P S G T A V K D V N T
E L I E D V P C K H E I P T P K M T A S P P N T A T S V F T T E L N S T T Y P N A T H E H T D V
C N M P F V S H I C L L F C N L F S T C S L C F I I K P L H R Y VLRC5 F V N W L K K N P K H D S G ---A S C E K P S G T A V K D V N T
E L I E D V P C K H E I P T P K M T A S P P N T A T S V F T T E L N S T T Y P N A T H E H T D V C N M P F V S H I C L L F C N L F S T C S L C F I I K P L H R Y VLRC6 L R T F I A K N T D K I S G I E G A Q C N G T S -T A V K D V N T E L I E D V P C K H E I P T P K M T A S P P N T A T S V F T T E L N S T T Y P N A T H E H T D V
Evolutionary Relationships of VLRC-Encoding Genomic Donor Cassettes.
Given that the genomic donor cassettes necessarily contain elements of the LRR-encoding motif, we used neighbor-joining (NJ) and maximum likelihood (ML) methods to conduct phylogenetic analyses to examine the evolutionary relationship between donor cassettes and search for potential duplicates (18, 19) . The tree topologies and the phylogenetic interpretations of the NJ and ML analyses were similar (Figs. S4 and S5 ). Phylogenetic analysis of nucleotide sequences of the VLRC-encoding genomic donor cassettes indicated clustering of the 3′ LRRNT-5′ LRR1 cassettes with 99% bootstrap support (Fig. S4 ), owing to their unique sequence signature (Fig. S3) . In a phylogenetic tree condensed at the 50% bootstrap support level, the 3′ LRRV-CP-5′ LRRCT cassettes formed a single cluster with 85% bootstrap support, because of the specific sequence signature of the CP-5′ LRRCT part (Fig. S3) . Similarly, all 3′ LRR1-5′ LRRV cassettes clustered together (96% bootstrap support), owing to a distinct sequence signature in the 3′ LRR1-encoding region of the cassettes (Fig. S3) . No clear-cut classification could be assigned for 3′ LRRV-5′ LRRV donor cassettes; however, a cluster with relatively low bootstrap support (76%) included donor cassettes contributing to the C-terminal region of the first LRRV module and the N-terminal region of the subsequent LRRV module. The sequences of scaffolds containing multiple VLRC-donor genomic cassettes provide evidence of duplication events, some involving large blocks with different types of donor cassettes (Fig. 2) . Presumptive duplication events of cassette sequences were identified by phylogenetic analysis, genomic orientation, and positional clustering of the cassettes; their designation was also supported by a high degree of sequence similarity (≥95%) that extended into noncoding flanking sequences. Another distinguishing feature of the regions sharing block duplications was the invariant spacing of the constituent cassettes. A large block duplication comprising 15 donor cassettes was identifiable in scaffolds GL484871 and GL480568 (Fig. 2) . Tandem block duplication events involving four 3′ LRRV-CP-5′ LRRCT cassettes were found in the scaffold GL476965, and additional short tandem duplication events were detected as well. Whether or not these putative duplication events occurred recently in the P. marinus lineage could not be determined, owing to the lack of a suitable outgroup for phylogenetic comparisons.
VLRC Assembly Mechanism. We sought to gain insight into the mechanism of VLRC assembly and repertoire development using the currently available P. marinus sequence and comparative analysis of the collection of mature VLRC sequences. The degree of coverage and diversity exhibited by the group of 30 sequences from a single lamprey larva as determined by comparison with the genome database was equivalent to that of 30 sequences from different individuals, suggesting that the analysis was not biased by the presence of interindividual sequence polymorphisms. Thus, we combined 30 sequences from a single individual and 30 sequences from different individuals into a query dataset of 60 mature VLRCs to identify donor genomic cassettes and characterize their use in the assembly of mature VLRC sequences. As shown previously for VLRA (6) and VLRB (10, 14) , donor VLRC cassettes appear to be incorporated in a stepwise manner (Fig. 3) . The 3′ portion of the germ-line LRRNT segment and the 5′ portion of the LRRCT element could provide sufficient sequence similarities to the anchor 3′ LRRNT-5′ LRR1 and 3′ LRRV-CP-5′ LRRCT cassettes, respectively, during the assembly process. If the N-terminal part of LRRCT is encoded by one of the two flanking donor cassettes, it could also serve to anchor the 3′ LRRV-CP-5′ LRRCT cassettes.
Thus, it appears possible that the stepwise assembly of VLRC can begin from either end of the incomplete germ-line VLRC gene (Fig. 3A) .
To obtain more compelling evidence for the mode of gene assembly, we analyzed the sequences of partial VLRC genes amplified from genomic DNA extracted from thymoid tissue of L. planeri (13) . As expected from a tissue distinguished by ongoing VLR assembly, we could readily obtain VLRC sequences representing intermediate steps of the assembly process ( Fig.  3B and Table S3 ). In VLRC genes in which assembly began at the 3′ end, the structures of the intermediates are indicative of stepwise assembly; for instance, we found sequences exhibiting insertion of either of the two LRRCT donor cassette sequences. In other cases, we observed additional insertion of a CP-encoding cassette.
Interestingly, in two different partial assemblies using the same CP-encoding module, the sequences at the 5′ end of the VLRC gene were identical (Fig. 3B) . In yet another instance of 3′-directed assembly, an additional LRRV element was incorporated, producing a partial assembly reflecting three successive insertion events (Fig.  3B) . In partial assemblies beginning from the 5′ end, sequences resulting either from single insertions of a LRR1 module or from two successive insertions of LRR1 and LRRV1 modules were observed; remarkably, downstream double-strand breaks in the VLRC gene were often located in the LRRCT region, suggesting that 5′ assemblies require insertion of extragenic LRRCT modules to generate a functional mature VLRC gene. These results, in conjunction with sequence comparisons of the genomic cassettes, unambiguously indicate that the assembly process of the VLRC gene can begin at either end of the locus (Fig. 3 and Table S3 ).
Generation of VLRC Diversity. During the VLRC assembly process, any of the five different types of flanking donor cassettes may be incorporated in an ordered and nonrepetitive fashion based on a short region of sequence homology (∼6-30 nt). Although most of the donor cassettes were used only once in a particular VLRC assembly, evidence of repetitive use of a 3′ LRRV-5′ LRRV donor cassette was observed as well (Fig. S6) . For example, one genomic cassette (scaffold GL478984: nucleotides 25,026-25,112) apparently was used twice in a mature sequence (GenBank accession no. KC244071), given that no duplicate sequence of that cassette was seen in the P. marinus genome sequence.
Our analysis of mature VLRC sequences indicates that the combinatorial use of donor cassettes with different sequences is a major contributor to VLRC diversity. The diversification process also involves the use of variable numbers of the 3′ LRRV-5′ LRRV cassettes (Fig. 1) . Depending on the position of the DNA double-strand breaks at the junctional region during stepwise assembly using donor cassettes, sequence diversity can be introduced in the assembled mature sequence (Fig. 4A) . For instance, when two different mature VLRC sequences use the same cassette for a specific region, that specific region could differ for two mature VLRCs, owing to differences in the position of the double-strand break in the junctional region (Fig. 4A) . However, we found no evidence of junctional diversity as a result of template-independent processes, a typical feature of the VDJ recombination process of Ig and TCR genes in jawed vertebrates. In principle, sequence diversity of the mature sequence could be introduced at the sites of double-strand breaks that presumably occur when the donor cassette sequences are being copied into partially assembled intermediates. Of note, our analysis of junctional regions in mature VLRCs suggests the absence of nucleotide insertions and deletions (Fig. 4A) . In the assembly of mature VLRC sequences, genomic donor cassette sequences are used in either full-length or partial form by using sequence homologies either at the ends or in the middle of the cassettes, respectively. One of the two representative mature VLRC sequences shown in Fig. 4B incorporated the fulllength sequence of a 3′ LRRNT-5′ LRR1 donor cassette using matching nucleotides at both ends, whereas the other used two donor cassettes (one of which is used in common for two mature VLRC sequences) to encode the same region by means of a nucleotide match in the middle of the cassettes. As a result of this patchwork assembly mode, these mature VLRCs differ from one another in this region. A fraction of the genomic cassettes exhibited internal stop codons or highly divergent sequence composition at the 5′ or the 3′ ends compared with the sequences of frequently used genomic cassettes (Table S1 and Fig. S3 ). Although these highly divergent cassettes may not be used as full-length templates, they nevertheless could be incorporated into mature VLRC sequences using stretches of sequence identity in the homologous parts of the cassettes.
Discussion
The genomic organization of the VLRC locus of P. marinus reveals that the incomplete germ-line VLRC gene is flanked by five different types of genomic donor cassettes, the sequences of which are used in the assembly of mature VLRC genes. Although the structure of LRR-based antigen receptors in jawless vertebrates is quite distinct from that of Ig domain-based antigen receptors in jawed vertebrates, the overall genomic organization and the evolutionary dynamics of the VLRC locus have similarities to the genomic architecture and mode of evolution of Ig and TCR multigene families. From a genomic standpoint, the incomplete germ-line VLRC gene serves as an equivalent of the constant gene segment, whereas the clusters of different types of donor genomic cassettes represent the functional correlates of the clusters of V, D, and J gene segments of Ig or TCR loci in jawed vertebrates (20) (21) (22) . Interestingly, the donor LRRencoding cassettes are not used equally for VLR assembly, in analogy with the preferential use of certain V, D, and J segments in Ig/TCR recombinations in jawed vertebrates (23) (24) (25) (26) .
The genomic architecture of the VLRC locus and the structure of mature VLRC sequences indicate that the intervening sequence of the germ-line VLRC gene is replaced by different types of donor cassettes in a stepwise manner similar to that previously shown for the VLRA and VLRB loci (4, 6, 10, 14) . Some important differences exist with respect to VLRC locus architecture, however. In particular, none of the LRR1-and LRRV-encoding donor cassette sequences encodes an entire module, thereby dictating that each LRR module in the mature VLRC sequences is a chimeric unit encoded by two or more donor cassettes. Using short stretches of nucleotide homology between donor sequences and acceptor sequences, the assembly process proceeds from either the 5′ end or the 3′ end. As in VLRA and VLRB (6), the mature VLRC assemblies have variable numbers of internal LRRV modules, although four internal LRRV elements were found in most instances. This finding suggests that four LRRV modules are optimal for VLRC assembly and may have structural and functional advantages.
Previous structural analyses of antigen-binding VLRB and VLRA proteins indicated that LRR1, the LRRVs, the CP, and the N-terminal portion of LRRCT can contribute to antigen binding during an immune response (15) (16) (17) 27) . In agreement with those findings, we found that a large number of different 3′ LRRV-5′ LRRV and 3′ LRRV-CP-5′ LRRCT donor cassettes contribute to VLRC repertoire diversity, whereas the LRRCT donor sequences make only a minor contribution to the VLRC diversity. Unlike in the VLRA and VLRB loci (15) (16) (17) , there are only three LRRCT options in the VLRC locus, and the only two donor LRRCT-encoding cassettes are very similar. Moreover, none of the 5′ LRRCT region sequences of the VLRCs encodes an extended loop (7) like those that play prominent roles in antigen binding by the VLRA and VLRB proteins (4, 6, 10, 14) .
Despite their distinct sequence signatures, the different types of donor cassettes are interspersed in the VLRC-related scaffolds, a situation reminiscent of the interspersed arrangements of individual members of V gene families of Ig and TCR loci (20) (21) (22) . We found evidence of multiple duplication events for the different types of donor cassettes in the VLRC locus; however, in the absence of a suitable outgroup, the number and the evolutionary timing of the apparent duplication events in the VLRC locus cannot be determined precisely. Nevertheless, these multiple duplication events, the sequence divergence in each type of donor cassettes, and the interspersion of different cassette types in the clusters indicate that the evolutionary dynamics of the VLRC locus, like Ig and TCR loci, are subject mainly to the birthand-death model of evolution (28, 29) rather than to concerted evolution (30) through a continuous change in the copy number of donor cassettes.
In conclusion, our analysis of the genomic VLRC organization and the composition of mature VLRC sequences has revealed previously unappreciated details of the stepwise assembly process and suggests a similar degree of VLRC diversity as that of the lamprey VLRA and VLRB anticipatory receptors.
Materials and Methods
VLRC cDNA Sequences. To obtain mature VLRC sequences, total RNA was extracted from P. marinus leukocytes. After reverse RNA transcription, PCR was performed using a set of primers designed to amplify the region spanning 5′-UTR to 3′-UTR (Table S4) (9), cloned to the pCR4-TOPO vector (Invitrogen) and then sequenced. Sixty mature VLRC sequences (30 sequences from a single animal and 30 sequences from multiple animals) were used in this study.
VLRC Genomic Sequences. To enrich for partially assembled VLRC sequences, genomic DNA was procured from the thymoid region of gill filaments of L. planeri larvae by laser capture microdissection, essentially as described previously (13) . VLRC genes were amplified using the primers listed in Table  S4 , cloned into the pGEM-T vector, and sequenced. The sequences of the incomplete VLRC gene and representative partial assemblies were deposited in the GenBank database (accession nos. KC247673-KC247679).
Identification of VLRC-Encoding Donor Cassettes. Donor VLRC-encoding genomic cassettes were identified through two rounds of BLASTn searches performed with an E-value ≤10 −5 against the current version (Petromyzon_marinus_7.0) of the P. marinus genome sequence publicly available from the Ensembl database (www.ensembl.org/Petromyzon_marinus/Info/ Index). In the first round, nucleotide sequences of 60 mature VLRCs (GenBank accession nos. KC244050-KC244109) were used as queries. The putative genomic donor cassette sequences, including approximately 300 nucleotides upstream and downstream, were conceptually translated into six frames, and the likely boundaries (varying up to 15 bp upstream and/or downstream) of each donor cassette were determined using information on protein domains present in the SMART database (31) . In a subsequent round of homology searches, the procedures were repeated using the donor cassettes identified in the first round to identify additional donor sequences. In a final verification step, scaffolds were designated as VLRC-related when the sequence of at least one donor cassette was used in the mature VLRC sequences derived independently. A flowchart of the procedure is shown in Fig. S2 , and the genomic locations of all identified donor cassettes are summarized in Table S2 .
Phylogenetic Analysis. Sequences were aligned using CLUSTALW (32) , and the alignments were manually inspected and corrected where necessary. Graphical representations of the sequence similarity were generated using WebLogo (33) . Phylogenetic analysis was performed using the NJ (18) and ML (19) methods in MEGA version 5 with the pairwise deletion option (34) . The evolutionary distances for the NJ tree were computed using the p-distance method (35) . The Tamura-Nei substitution model (36) was used to construct the ML tree. Support for each node of the phylogenetic tree was tested with 1,000 bootstrap replicates.
Sequence Analysis. The polyA site was predicted using HCpolya (37) . The signal peptide was determined using PrediSi (38) and verified with SignalP (39) and SOSUIsignal (40) . Repetitive elements located in the VLRC locus were identified using the CENSOR tool (41) .
